It is a fact that industrial equipment is the main consumer of natural resources, impacting considerably 10 on companies' sustainability. In this context, the sustainable redesign of production processes is one 11 of the main companies' challenges seeking to gain competitive advantage in an increasing sustainable 12 environment. This research paper proposes a methodology for industrial application for the redesign 13 of production processes in collaboration with equipment suppliers through resource efficiency based 
INTRODUCTION 24
For manufacturing companies involved in an increasingly sustainable environment, the reduction of 25 the resource consumption of their production processes is essential to maintain the competitiveness 26 but it is also crucial for the survival of the company. It is only possible when the industrial equipment 27 use resources in a more efficient way reducing waste emissions or even reuse it as a new primary 28 material resources (TU Delft, 2015) . This is by no means a trivial task, it requires the integration of 29 equipment suppliers to the redesign practice and the redesign of many production processes as well as 30 31 ______________________________________ of the design relationship between the process and the equipment as a holistic view. In the actualsituation of material, energy and resources shortage, process designers should include this 144 consideration in their tasks and act accordingly in consequence (Riba, 2002) . A production process is 145 sustainable if they support the creation of manufactured products through economically-sound 146 processes that minimize negative environmental impacts while conserving energy and natural 147 resources (US. Department of Comerce, 2009). The Circular Economy (CE) is "an economic model 148 wherein planning, resourcing, procurement, production and reprocessing are designed and managed, 149
as both process and output, to maximize ecosystem functioning and human well-being" (Murray et al., 150 2017). CE become a guide for the redesign of companies processes in the way to sustainability 151 (Anttonen, 2017) . It places emphasis on the redesign of production processes through the cycling of 152 materials (Murray et al., 2017). The reuse of material and waste streams require the redesign of 153 production processes (Tello and Weerdmeester, 2013) . 154
The industrial equipment is the main consumer of resources in production processes. In order to 155 continue with the line of research about the relationship of the process and the equipment, this 156 research paper proposes a methodology for industrial application for the redesign of production 157 processes in collaboration with equipment suppliers through resource efficiency between equipment 158 that operate in the same process. 159 160
RESEARCH DESIGN 161
The empirical research of this paper is based on a real case study in a Catalan manufacturing 162
company. 163 164

Case study research method 165
The case study started in September 2014 and ended in July 2016. In order to follow up the activities 166 of the development project and collect data in real time, a stay was allowed in the sterilizers company. 167
The previous time for data collection was invested in the study of documented procedures and 168 instructions related to the topic of new product introduction in the company. In order to know the 169 company's background in collaboration with equipment suppliers, interviews were conducted 170 throughout the entire organization. A total of 22 interviews were carried out with individuals in 171 different positions as directors, departments managers, program managers and project engineers in 172 different departments as quality, I+D, technical office, purchase, production, logistic, commercial 173 department among others. The new component development project where the data to star the case 174 study were collected, started in December 2014 and ended in April 2015. During the six month of the 175 project, six meetings were attended (non-participatory), the flow of information interchanged between
The case study targeted a new equipment that the company as in previous occasions, outsourced to an 180 equipment supplier to design and to subsequent manufacture the new component. In this case, the 181 equipment supplier was located in Catalonia but in another city about 140 km of distance. The process 182 was carried out as in previous occasions, following an equipment supplier outsource activities plan: 183
184
• Background (Context, problem definition) 185
• Normative (Regulations applicable) 186
• Technical specification (Design and function requirements, process of operation description) 187
• Conceptual design (Determining system specifications from conceptual design in 3D 188
drawings) 189
• Quotation (Materials, labor) 190
• First prototype (Partial design, manufacturing, assembly and functionality test in the 191 developed prototype) 192
• Final prototype (Total design, manufacturing, assembly and functionality, reliability and 193 durability test) 194
• Mass production (Quantity of order, delivery times, logistic plan) 195
196
Some of the most important aspects observed in the case study are: 197 A single contact person between both sides was not assigned, since at the beginning of the process 198 was observed that all project objectives were not well defined. Additionally, some system 199 requirements were not defined, motivating design problems in the prototype stage were observed; 200
CAx systems compatibility between the equipment supplier and the client were not reviewed, causing 201 significant loss of data at the time of conversion. The fact that the two companies were not in the 202 same city, was sometimes reason for delay or rescheduling of follow meetings. The types of material 203 to be used were taken into consideration, but not the energetic consumption of hazardous substances 204 or the equipment used in the operation phase. All these situations brought a series of delays in project 205 time, with an increased in the price of the projected initial investment. When asked about the 206 regularity of these types of problems, the answer was that both parties experience this kind of problem 207 with other companies regularly. 208 implementation of the methodology of production processes redesign were established. 212 213
R4ER Methodology Steps 214
Step 1: Operative process knowledge 215
In order to analyze the production process and the identification of the equipment involved, it is 216 necessary to carry out a representation model of the system. The redesign of processes can be realized 217 through production process modeling (Lam and Hills, 2011) . A complete survey (Kettinger et al., 218 1997) identified the IDEF0 as an important tool to the redesign phase in the innovation of processes. 219 IDEF0 is a appropiate modeling method for describe process flows (Smith and Ball, 2012) . This 220 method, presents a structured description of activities in a system through the representation of their 221 respective Inputs, Outputs, Mechanisms and Controls. The graphics of an IDEF0 diagram show the 222 operations assigned for the various equipment's as a box and the interfaces to or from the function as 223 arrows entering or leaving the boxes. This IDEF0 diagram must be performance in a way that 224 equipment suppliers have a holistic view of operations, equipment, operators, materials flows and 225 their interactions within the production process where the equipment they provide operates. 226
227
Step 2: Equipment review (ER) 228
In this step, it is necessary to perform or know the results of a life cycle assessment (LCA) for every 229 equipment in the production process. The LCA is a method that allows the "compilation and 230 evaluation of the inputs, outputs and the potential environmental impacts of a product system 231 throughout its life cycle" (ISO, 2006, p.10). LCA requires quantitative information of the complete 232 life cycle (exploitation, production, use and end of life) of a product (equipment) to reveal their 233 environmental profile (Sakao, 2007) The LCA results will validate the significant amount of resources 234 consumed during the phase of use of the equipment and will allow to establish which equipment is 235 significant to reuse emissions. 236
237
Adopted from the ISO 50001:2011 energy review, the ER allows the identification of the equipment 238 with a major resource consumption in a process cycle. It is performed in the operations identified in 239 the previous step. First, process operations are listed, the involved equipment in each operation and 240 their number are identified. Second, the resource consumption per cycle are taken from the results of 241 the previous equipment LCA or measurement. As in the ISO 50001:2011, the consumption data can 242 be measured, calculate or estimated, in order not to limit the application of the tool to only measured 243 or calculated data, but also to allow the use of estimated data for equipment consumption for which no 244 real data are available. The name for the consumed resource, their coefficient, the unit of 245 measurement and their percentage of contribution to the actual consumption of the process cycle are 246 identified for each of the previously listed equipment. Finally, based on the obtained data, it must be 247 decide whether there is a potential for significant savings in the resource consumption and it needed to 248 identify the equipment and their subsystem on which improvement should be applied. Significance 249 criteria should be established in order to prioritize which resource consumption in which equipment 250 needs to be reduced. The number of criteria and their severity depend on the environmental needs and 251 the purpose of these criteria that should balance the environmental consumption of equipment the in 252 the process. 253
254
Step 3: Process use cycle cost 255
In this step, the cost of use of the significant equipment found in the previous step is calculated 256 through material flow cost analysis (MFCA). MFCA is a "tool for quantifying the flows and stocks of 257 materials in processes or production lines in both physical and monetary units" (ISO 2011, p. 3). In 258 which water and energy can be included as term materials (Christ and Burritt, 2016) . 259
260
The MFCA follows the general procedure for Plan-Do-Check-Act and consists of ten steps. In order 261
to know the cost of use of the significant equipment in the process, steps three until nine will be 262 Step 4: Emissions reuse 277
Emissions from analyzed equipment operating in the production process must be identified. 278
Subsequently, an analysis of the relations of coexistence (ARC) should be performed in order to 279 reuse those emissions of resources turning them in the entrance of resources to another equipment 280 within the same production process trying to convert the system in a closing loop. The ARC is a 281 relatively new tool. In order to define a methodological basis for establishing the gamma of industrial 282 equipment in an equipment manufacturing company, Llores (2015) concludes that an equipment 283 interacts in the production process in which it operates and also interacts with the other equipment. In 284 
Example 293
The case study consists of redesigning a complete sterilization process within the portfolio of products 294 and services that are offered by the Catalan company to their customers. The operations washing and 295 sterilization are both included in a complete sterilization process and are two major consumers of 296 energy and water (significant amounts of water need to be heated). This section verifies the redesign 297 methodology via application to the mentioned process. The results of the proposed methodology 298 implementation are explained. 299
Suppliers of each of the equipment's involved in the project were in different countries: Spain, France 300 and Italy. A face meeting was conducted at the beginning of the project in order to present the 301 objective and expectations of collaboration. In this meeting the roles and responsibilities for each of 302 the sides were appointed. The person who led the project by the company knows the specifications 303 and operation of equipment's involved in the project, because previously he was supplier engineer 304 and product engineer in the company. It was mentioned that this person will be the only responsible 305 to send the information about the project to the equipment's suppliers, for this reason, a documented 306 procedure is established with the respective formats of the project. CAx systems compatibility 307 between the equipment suppliers were reviewed. A virtual meeting schedule was established for the 308 follow up of the project milestones activities, regardless of communications via mail and by 309 telephone needed day to day. The ecosystem builder visited one time each supplier in their plant. A 310 total of 3 face to face follow-up meetings were carried out, two in the first month of the project 311 (presentation, brainstorm ideas) and one in the middle of the project, the face to face meeting to close 312 the project continue pending. 313
Results 314
Step 1: Operative process knowledge 315
First, a process model using the function modeling method IDEF0 was elaborated in conjunction with 316 the equipment suppliers. Figure 1 represents the global operations like traceability and controlled 317 environmental conditions as well as specific operations like receiving, washing, preparing, sterilizing, 
Mechanisms 333
Two types of operators were identified: i) human operators (Sterilization technician, instrumentalists, 334 and doctors) ii) technical operators or better-called equipment. The identified equipment which is the 335 focal point of this methodology are listed in Table 1 . 336 
337
Controls 338
In this last section of the operative process knowledge step, the work procedures, instructions and 339 formats to perform each operation of the sterilization process as well as the regulations governed by 340 this process were identified. 341
Each hospital, research center, laboratory or anywhere else where the sterilization process is 342 performed has its own procedures. They are based on the manuals of the manufacturers of the 343 equipment and training that they receive from the equipment supplier in the purchase and installation 344 phase. The way an equipment is used can affect their performance and therefore its consumption of 345 resources. In this example, procedures, work instructions and formats were reviewed but no special 346 emphasis was placed on them because they are based on the operation manuals and training by 347 equipment suppliers. 348
Regardless of the regulations governing the manufacture (ISO 13485, ISO 9001, ISO 14001, ISO 349 50001 and others) of each involved equipment in the sterilization process, we will focus on the rules 350 governing the phase of use in the life cycle of the equipment that is when the greatest amount of 351 resources are consumed. In this application example, two different norms that directly affect the use 352 phase of the life cycle of the sterilization process equipment were identified ( Table 2) . 353 354 
357
Step 2: Equipment review 358 First, following an energy review adapted from the ISO 50001 standard format, operations and 359 equipment identified in the last step were listed. The resource consumption was measured; the method 360 for measuring the resource consumption was done by calculations and measurements of each of the 361 involved equipment per process cycle. These measurements were taken from the previous analysis of 362 life cycle of the equipment conducted by the equipment suppliers (Table 3) 
Will be significant the equipment that consume more than 20% of the total consumed by the process 375 per year?
Under this criteria, the equipment and the consumption that exceed this percentage are: 377
• Air Conditioning (Electricity) 378
• Washing Machine (Electricity) 379
• High Temperature Sterilizer (Electricity and Water) 380
381
The Air Conditioning consume a 30.43% of electricity and a 2.79% of water. On the other hand, the 382
Washing Machine consume 28.26% of electricity and 13.94% of water. The Sterilizer needs 36.96% 383 of the total electricity and 81.53% of the total water consumed in the sterilization process at full 384 capacity with 160 kilos of surgical instruments. It was decided to take into consideration the Washing 385 machine and the Sterilizer to continue with the methodology because they represent the most 386 significant consumption of water that has to be heated by electricity. 387
388
Step 3: Process use cycle cost 389
The environmental resource consumed by the Washing machine and the Sterilizer had an economic 390 impact (Table 4) . 391 Table 4 : Material flow cost matrix for water and electricity of the sterilization process.
393
The findings found through the MFCA analysis indicate that with 3155 sterilization cycles per year 394 (Wash and Sterilize), the sterilization process can processed 504, 800 kg of surgical material. This 395 represents a consumption of 189, 300 kWh with a cost of 33, 165.36 euros, which represents 83.39% 396 of the total costs per year of the sterilization process. Likewise, it is observed that the consumption 397 and loss of water is 3, 457, 880 l of water with a cost of 6, 604.55 euros and that this represents 398
16.61% of the 39, 769.91 euros spent on electricity and water annually from the significant equipment 399 of the sterilization process. 400
The electricity consumed represents a generation of 58, 304.4 kg C02eq 401 6 6 0 4 . 5 5 € 3 3 1 6 5 . 3 6 € 3 9 7 6 9 . 9 1 € 1 6 . 6 1 % 8 3 . 
406
The results are presented visually using a e!Sankey diagram which allows to observe the flow of 407 electricity and water in the sterilization process within four equipment in two operating areas 408 (Washing and sterilization) (Figure 2) . 409 The water emissions outlet for the SOp2 have no contact with contaminated surgical material 419 therefore, it is equal to the water inlet quality specification of WmOp1 and WmOp2, an external water 420 supply quality. This does not represent an alteration in the results of operations WmOp1 and WmOp2 421 however, it represents a decrease in the water consumption of the Washing machine. 422
The temperature of the water emissions outlet for the SOp2 (65 ˚C) is different to the water inlet 423 temperature specification that WmOp1 and WmOp2 (15 ˚C) need. This represents an improvement in 424 the results of operations WmOp1 in cleaning the surgical material. In WmOp2 this difference in water 425 temperature with respect to its specification, represents a decrease in the energy that is required to 426 heat the water in WmOp2. 427 The water inlet quality specification of SOp1 is an inverse osmosis quality. According to the 452 manufacturer, the generation of steam by the sterilizer can be done also with external water supply, 453 which has been preheated. The purpose is that in the course of heating the water begins to lose 454 minerals. At 95 ˚C water emissions outlet for the WmOp4 is almost at its boiling point, which 455 represents a decrease in the energy required to generate steam by the sterilizer and in the water 456 consumed because the loss of water when producing one liter of osmosis water is 1 l: 3 l . 457
At the end, the 17 l of the water emission outlet of SOp1 are discarded to wastewater. 458 This represents a saving of 5, 624.15 euros spent on electricity and water from the significant 500 equipment of the sterilization process and a 7, 599 kgCO 2 eq which will not be emitted to the 501 E n e r g y C o n s u m ( y e a r )
E n e r g y Cost (ye a r) 
DISCUSSING THE APPLICATION 523
The main results of this implementation indicate the potential of sustainable innovation. From the 524 operational phase of the sterilization process was established: 525
• A reduction of 38% of water and 26% of electricity in the sterilization process per cycle; 526
• A reduction of 7, 599 kgCO 2 eq of carbon footprint of the sterilization process in a year; 527 
year. 529
The case study presented has shown how manufacturing companies could address the challenges 530 posed by the large amount of resources consumed during the operational stage of equipment's life 531 cycle involved in a production process by following the proposed redesign methodology. As well as, 532 the synergistic relationship between the inputs and outputs in three of the four tools was confirmed; 533
The outputs of IDEF0 were effectively input to ER, while the output of ER was input to MFCA and 534
ARC. An objective analysis performance was necessary for identifying all aspects in a sterilization 535 process, which was achieved by adopting IDEF0. On the other hand, the knowledge of the 536 consumption of resources of the equipment involved in the sterilization process is critical to identify 537 which resource is used mostly and which are the equipment with the major consumes in the ER step. 538
Additionally, it necessary to know the result of the LCA of the equipment performed by the 539 equipment suppliers previously in order to verify its significance in the sterilization process. 540
The output of ER mentioned above was necessary as input of the next two tools. First, to perform the 541 step of MFCA in where the consumption of resources of the significance equipment in the 542 sterilization process was critical to know the impact not only economically but also at the 543 environmental level, generating concrete data, which can be helpful for process designers to 544 understand the opportunity area to reduce consumes. To perform a ARC it is essential the use of a 545 common sense and a systematic thinking with the purpose of reusing the emissions of resources from 546 one equipment in another. 547 548
DISCUSSIONS 549
The application of the proposed methodology demonstrated in section five revealed: 550 1. The methodology effectively proved the essential relationship between the production process 551 and the equipment involved in them not only of design stage, but also the relation of resource 552 consumption and support of the sustainable redesign of industrial processes. 553 2. The inputs and outputs of the IDEF0, ER and ARC are essentials due to the synergy of the 554 three tools. Absence of any of the three tools mentioned above is not effective. The LCA 555 results must validate the significance of the equipment with more resource consumption in the 556
ER. 557
3. With the exception of the previous LCA for each equipment, the other three tools IDEF0, ER, 558
MFCA and ARC are relatively simple because they are based on common sense and can be 559 used by process designers without the need for extensive environmental experience. This 560 converts the methodology in a practical guidance on how manufacturing companies could 561
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